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Abstract Using the Mass Time-of-Flight Spectrometer (MTOF)—part of the Charge, El-
ements, Isotope Analysis System (CELIAS)—onboard the Solar Heliospheric Observatory
(SOHO) spacecraft, we derive the nickel isotopic composition for the isotopes with mass 58,
60 and 62 in the solar wind. In addition we measure the elemental abundance ratio of nickel
to iron. We use data accumulated during ten years of SOHO operation to get sufficiently
high counting statistics and compare periods of different solar wind velocities. We compare
our values with the meteoritic ratios, which are believed to be a reliable reference for the
solar system and also for the solar outer convective zone, since neither element is volatile
and no isotopic fractionation is expected in meteorites. Meteoritic isotopic abundances agree
with the terrestrial values and can thus be considered to be a reliable reference for the solar
isotopic composition. The measurements show that the solar wind elemental Ni/Fe-ratio and
the isotopic composition of solar wind nickel are consistent with the meteoritic values. This
supports the concept that low-FIP elements are fed without relative fractionation into the so-
lar wind. Our result also confirms the absence of substantial isotopic fractionation processes
for medium and heavy ions acting in the solar wind.
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1 Introduction
The solar wind elemental composition is usually compared to the photosphere and to me-
teoritic elemental abundances. All three originate from the same source. However, they can
differ substantially due to enrichment and fractionation processes. The solar wind is gen-
erally enriched in ions with low first ionization potential (low-FIP elements, e.g., calcium,
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Fig. 1 Proton Monitor.
Distribution of solar wind speeds
from January 1996 to January
2006. Investigated solar wind
speed ranges are shaded: The
speed intervals cover 290–330,
370–410, and 560–640 km/s
iron, nickel) compared to the photospheric abundances. If the ratio of iron to nickel agrees
in the solar wind with the photosphere and with meteorites, it can be concluded that nickel
undergoes the same enrichment processes as iron. Additionally, if the nickel isotopic com-
position agrees with meteorites, it confirms the absence of substantial isotopic fractionation
processes for heavy elements in the solar wind.
We evaluated ten years’ worth of SOHO/CELIAS data. We focus on slow solar wind
(velocity between 290 and 330 km/s), on intermediate solar wind (370–410 km/s) and on
fast solar wind (560–640 km/s) covering the whole period between 1996–2006 (Fig. 1).
The solar wind speed was measured by the Proton Monitor (PM), which is a part of MTOF
(Ipavich et al. 1998).
2 Instrumentation and Data Analysis
The Mass Time-of-Flight Spectrometer (MTOF) is part of the Charge, Elements, Isotope
Analysis System (CELIAS) onboard the Solar Heliospheric Observatory (SOHO) space-
craft (Hovestadt et al. 1995). The MTOF sensor has an excellent mass resolution, which
allows us to identify rare elements and isotopes and to distinguish them from more abun-
dant neighboring species, e.g., to resolve 58Ni from 56Fe.
The MTOF sensor consists of an energy/charge filter (Wide-Angle Variable En-
ergy/Charge (WAVE)) and an isochronous time-of-flight spectrometer in a V-type configu-
ration (V-Mass). Details of the principle of operations of CELIAS/MTOF can be found in
Kallenbach et al. (1997).
For each MTOF setting (WAVE electrode voltage VWAVE and post-acceleration voltage
Vf after WAVE) day-by-day spectra (for 400 km/s) or five-minute spectra (for 300 and
600 km/s) were aligned using different TOF offsets. To find the TOF offset value, an asym-
metric fit function was applied to the spectra. The fit function is the sum of a Lorentzian and
a Gaussian function centered at the 56Fe peak. Then a 19-parameter function was applied to
the spectra to get the raw counts of all resolved iron and nickel isotopes, using the maximum
likelihood method (see Fig. 2). To maximize the likelihood the FORTRAN routine E04KDF
of the NAG library was used. The shape of the asymmetric Lorentzian and the asymmetric
Gaussian used for the fits are similar for all peaks. The width of an individual peak was taken
to be proportional to the square root of its mass. To fit the background a linear function of
the TOF was assumed.
Nickel Isotopic Composition and Nickel/Iron Ratio in the Solar Wind 319
Fig. 2 Left: Accumulated MTOF spectrum from January 1996 until January 2006 for 400 km/s solar wind.
Vf = 0 kV, VWAVE = 12 kV. The time of flight is converted to mass, the counts are accumulated raw counts
during ten years for the given MTOF settings. The peak at mass 58 comes from 58Fe and 58Ni. This is
considered in the data analysis. Right: Difference of the measured counts to the value of the 19-parameter fit
function divided by the fit function value. This diagram illustrates that the fit function describes well (in the
range of ±10%) the measured distribution in the mass range of 54–60 amu
To convert raw counts to particle densities, a complicated data analysis procedure is nec-
essary (Wurz 2001). The WAVE entrance system has different transmission factors depend-
ing on the energy/charge of the entering ions. The WAVE electrode voltages were cycled in
six steps covering an energy/charge range from helium to nickel. Although iron and nickel
have similar kinetic energies, their charge state distributions differ (e.g., Fe8+, Fe9+, and
Fe10+ all about 20%, Ni8+ about 30%, and Ni9+ about 50%). For iron we used charge-state
distributions observed by ACE/SWICS (cf. Gloeckler et al. 1998) in the three investigated
velocity intervals to determine the transmission factors through WAVE. Since these data sets
do not exist for nickel we used a simulation of the dynamic equilibrium of charge states es-
tablished in the coronal expansion of the relevant solar wind velocities, which approximately
reproduced the observed iron charge states. Additionally, the secondary electron yield from
the carbon foil triggering the start signal of the time of flight measurement depends on the
mass and the atomic number of the ion (Echenique et al. 1986). Simulations with SRIM
(Ziegler 2004) indicate that the start signal efficiency is 12% lower for nickel than for iron
at 1 keV/amu. For the investigated peaks only the ions exiting the carbon foil with charge
state +1 were counted. The fraction of singly ionized iron ions is about 5% higher than for
singly ionized nickel ions at 1 keV/amu (see Gonin et al. 1995). Evaluating these effects
for the three investigated velocity intervals, this results in a 10–20% larger total detection
efficiency for the dominant iron isotope 56Fe relative to the dominant nickel isotope 58Ni.
Additionally, there is a interference of 58Fe to the 58Ni peak. These effects are considered in
the data analysis.
The differences of the three investigated nickel isotopes are small. The transmission of
WAVE is optimized for ambient solar wind ions and it is therefore smaller for fast solar wind
iron and nickel. This reduces the accumulated counts and increases the uncertainty of the
results for 600 km/s solar wind for nickel and iron, but it is more relevant for nickel due to
lower abundances of Ni in the solar wind compared to Fe.
See Giammanco et al. (2006) for a detailed discussion of the instrument detection effi-
ciency.
320 R. Karrer et al.
3 Results and discussion
Tables 1 and 2 show the elemental abundances of nickel and iron and the isotopic com-
position of nickel. As discussed in Section 2, the detection efficiency depends both on the
ion energy and on the MTOF instrument settings (WAVE electrode voltages VWAVE and post-
acceleration voltage Vf). Thus, uncertainties given in Tables 1 and 2 are composed of varying
detection efficiencies within the velocity ranges and of the different instrument settings. The
presented results are within the uncertainties in good agreement with the known ratios from
photosphere, solar energetic particles (SEP), earth and meteorites; see Table 1 and the ref-
erences therein. Also the isotope abundance ratios for nickel agree with the known values;
see Table 2 and the references therein.
Our data analysis shows that both nickel and iron experience an enrichment in the solar
corona due to the lower FIP compared to the high-FIP elements (e.g., oxygen 13.618 eV
FIP, Fe 7.87 eV and Ni 7.635 eV). This supports the known theories about the FIP and
First Ionization Time (FIT) effects named earlier as it was previously seen for chromium
(Paquette et al. 2001).
The results of this study are in excellent agreement with that presented by Ipavich et al.
(2006), who also derived Ni/Fe and Ni isotopic abundances from MTOF, but with a different
Table 1 Ni/Fe ratios for different solar wind speeds
Raw data Efficiency-corrected data
Solar wind 310 km/s 0.043 0.051 ± 0.012
Solar wind 400 km/s 0.044 0.055 ± 0.011
Solar wind 600 km/s 0.047 0.049 ± 0.011
Solar winda 0.053 ± 0.011
Photosphereb 0.060 ± 0.009
Coronal SEPc 0.048 ± 0.005
Meteoritesd 0.0562
Earth 0.055
aWeighted mean of the measurements above
bAsplund et al. (2005)
cReames (1995)
dLodders (2003)
Table 2 Nickel isotope abundances
Ni58 Ni60 Ni62
Efficiency-corrected data (310 km/s) 0.66 ± 0.05 0.26 ± 0.05 0.08 ± 0.04
Efficiency-corrected data (400 km/s) 0.75 ± 0.07 0.19 ± 0.05 0.06 ± 0.03
Efficiency-corrected data (600 km/s) 0.75 ± 0.07 0.17 ± 0.05 0.08 ± 0.04
Meteoritesa 0.6872 0.2647 0.0367
Earthb 0.68077 0.2622 0.03635
aQuitté et al. (2006)
bGramlich et al. (1989)
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approach: (a) they relied on case studies of two well-defined four-day periods, and (b) they
used a different analysis technique. The agreement of the two studies provides confidence
in the validity of the results.
4 Conclusions
This paper shows that nickel undergoes similar processes in the solar corona as other low-
FIP elements, which confirms the FIP effect known from earlier works.
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